The preparation and characterization of polypyrrole-polyethylene glycol (PPy-PEG) composite films are reported in this present paper. The polypyrrole-polyethylene glycol composites were synthesized by electrochemical method, using p-toluene sulfonate as a dopant in aqueous medium. The composite films were synthesized with various concentration of PEG and were characterized by optical microscopy, x-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, photoacoustic spectroscopy and electrical conductivity measurement. Both the electrical conductivity and thermal diffusivity exhibited the highest values with the process condition of 0.2 M pyrrole, 0.1 M p-toluene sulfonate and 1×10 −3 M PEG at 1.2 V (versus SCE). The optical microscopy of PPy-PEG shows the globular surface morphology. The XRD results demonstrated that PPy-PEG composite films are amorphous. The FTIR result reveals the successful incorporation of PEG into the PPy structure forming PPy-PEG composite films.
Introduction
Conducting polymers from five-membered heterocyclic compounds such as, polypyrrole, polyaniline, polythiophene, polyphenylene etc. are very interesting due to their versatile promising applications in the field of energy storage [1] , sensors [2] , electronic and optical devices [3] and so on. Among conducting polymers, polypyrrole has been one of the most studied polymers because of its physical and electrical properties that have led to several applications such as, solid state devices and electronics [4] . However, its poor mechanical properties, for example, brittleness and low level of processability constitute major obstacles to its extensive applications [5] . To improve the structural and physical properties, several attempts have been made to prepare blends or composite materials containing PPy [6] [7] [8] . Improvements are expected from containing materials in which the conducting polymer furnished the required * Corresponding author. Tel.: +603 55436343. conducting behavior, while the polymer the matrix enhances the mechanical properties. In other words, a combination of a conventional polymer with conductive polymer allows the creation of new polymeric materials with specific electrical properties.
The electrochemical polymerization of pyrrole was one of the first experiment to produce a conducting polymeric material. A unique advantage of this method of synthesis is that not only is it is easy to grow films, but it is also possible to simultaneously dope these materials to a conducting state. Besides, varying either the potential or current with time, it is possible to control the thickness of the films deposited on the electrode surface [9] .
In our present study, the polypyrrole-polyethylene glycol (PPy-PEG) composite films were prepared by electrochemical method in which pyrrole was used as the monomer, polyethylene glycol was used as an insulting polymer, while sodium salt of ptoluene sulfonate was used as an electrolyte in aqueous medium. The effects of various concentrations of PEG on the structure, conductivity, molecular order and morphology of the PPy-PEG composite films were investigated. 
Materials and methods

Electrochemical method
This is a widely used method for the preparation of composite films of conducting polymer. Generally, a coating of an insulating polymer is grown on the electrode, followed by the electrodeposition of conducting polymer on the precoated electrode. But in this present study, the composite films of polypyrrole-polyethylene glycol (PPy-PEG) were electrochemically prepared in one-step polymerization technique using potentiostatic mode where PEG, pyrrole and p-toluene sulfonate were taken in aqueous solution.
Electrodes
The standard electrochemical technique, which employs a divided cell containing a working electrode, a counter electrode and a reference electrode, was used to produce the composite films. Electrodes should be chosen carefully so that they are not oxidized during the electrochemical oxidation process [9] . An indium-tin-oxide (ITO) glass was used as the working electrode (anode) and a carbon rod was used as the counter electrode (cathode). The commonly used reference electrode was the saturated calomel electrode (SCE).
Monomer, insulting polymer and the electrolyte
PPy-PEG composite films were prepared from the aqueous solution containing pyrrole (supplied by Fluka) as the monomer; polyethylene glycol as the insulting polymer and sodium salt of p-toluene sulfonic acid (supplied by Fluka) as the electrolyte. Pyrrole was distilled and kept at 4 • C before use.
Preparation of PPy-PEG composite films
PPy-PEG composite films was carried out at room temperature (25 • C) with a constant voltage of 1.2 V (versus SCE) for 2 h.
The composite films were synthesized with various concentration of PEG ranging from 5 × 10 −4 to 9 × 10 −3 M in the pyrrole solution containing 0.2 M pyrrole and 0.1 M p-toluene sulfonate. The thickness of the prepared films was about 40 m. After deposition, the films were peeled from the electrode, washed thoroughly with distilled water and dried in the oven at 70 • C for 24 h.
Characterization of the composite films
The infrared spectra of the samples were recorded in the wavenumber range from 400 to 4000 cm −1 using a Perkin Elmer Fourier transform infrared (FTIR) spectrophotometer (model 1725X) using KBr disc. The electrical conductivity was measured at room temperature using a standard four point probe technique while the thermal diffusivity was measured by the photoacoustic technique. X-ray diffraction measurements were performed using a Philip PW-1390 model. The micrographs of the samples were obtained by optical microscope (invested trinocular microscope VBT-2T).
Results and discussion
Structure of PPy-PEG composite films
The FTIR spectroscopic analysis was scanned from 4000 to 400 cm −1 . The FTIR spectra of PPy-PEG composite film, PPy film, pristine PEG and pristine p-toluene sulfonate are shown in Fig. 1 . The NH stretching band of pyrrole ring appears at 3428 cm −1 . The weak band at 2890 cm −1 is due to C-H stretching. The other spectra also show the characteristic polypyrrole absorption at 1600-1100 cm −1 . The C-N ring stretching band of pyrrole occurs at 1426 cm −1 . The peak at 1316 cm −1 is due to C-H in-plane deformation of the pyrrole and the peak at 1168 cm −1 is due to C-C stretching [10, 11] . An absorption at 1626 cm −1 is assigned to the C C ring stretching of pyrrole.
The FTIR absorption spectrum of PPy-PEG composite film and PPy film in Fig. 1 shows that there are not many differ- Fig. 1 . FTIR spectra of PPy-PEG composite film, PPy film, PEG and p-toluene sulfonate. ences between Ppy-PEG spectrum and Ppy spectrum. The FTIR spectrum of the PPy-PEG composite films reveals the peaks associated with pure PPy and the polyethylene glycol peaks. The strong absorption at 3416, 1624, and 1440 cm −1 are characteristic peaks of PPy. The spectrum also shows the characteristic PEG absorption at 1110 cm −1 due to C-O.
Effect of PEG concentration on the electrical conductivity of PPy-PEG composite films
The effect of PEG concentration (used to prepare the composite films) on the electrical conductivity of PPy-PEG composite films is shown in Fig. 2 . It shows that the conductivity increases from 36 to 61 S/cm as the PEG concentration in the pyrrole solution increases from 5 × 10 −4 to 1 × 10 −3 M, and then, the electrical conductivity shows a decreasing trend with further increase in PEG concentration from 3 × 10 −3 to 9 × 10 −3 M in the pyrrole solution. It may de due to the fact that the concentration of the electrolyte becomes too viscous with the addition of higher percentage of PEG, which causes the rate of polymerization slow. The use of higher concentration of PEG resulting in conductivity decrease can also be related to the conjugation chain length decrease.
Effect of PEG concentration on the thermal diffusivity of PPy-PEG composite films
The PPy-PEG composite films prepared from using various concentrations of PEG ranging from 5 × 10 −4 to 9 × 10 −3 M in the aqueous solution containing 0.2 M pyrrole and 0.1 M ptoluene sulfonate at a potential of 1.2 V (versus SCE) has been studied to investigate the effect of PEG concentration on the thermal diffusivity of the prepared composite films. Fig. 2 shows that the thermal diffusivity of the PPy-PEG composite films increases from 3.87 × 10 −7 to 7.88 × 10 −7 m 2 s −1 as the PEG concentration in the pyrrole solution increases from 5 × 10 −4 to 1 × 10 −3 M, and then, the conductivity shows a decreasing trend from 7.34 × 10 −7 to 4.86 × 10 −7 m 2 s −1 with further increase in PEG concentration from 3 × 10 −3 to 9 × 10 −3 M in the pyr-role solution used to prepare the composite films. Thus, when the PPy-PEG composite film has larger thermal diffusivity, it also implied larger electrical conductivity. This result indicates that electron migration relates to the thermal diffusion. Electron migration in the PPy-PEG composite films significantly contributes to the thermal diffusion in addition to the contribution from phonon as the carrier of thermal conduction. These results of thermal diffusivity of PPy-PEG composite films are in good agreement with other researcher [12] .
The relation between electrical conductivity and thermal diffusivity of PPy-PEG composite films
The electrical conductivity and thermal diffusivity of the PPy-PEG composite films has been discussed above. A good correlation between thermal diffusivity and electrical conductivity can be obtained (Fig. 2) . The electrical conductivity of the PPy-PEG composite films depends on the conjugation chain length in order to allow the free movement of electrons. The conjugation chain length (number of pyrrole monomer units) of PPy increases, causing the increase in conductivity. For the thermal diffusivity of the PPy-PEG composite films, it was related to the electron migration in the conjugation chain length.
Effect of PEG concentration on the molecular order of PPy-PEG composite films
The effect of various PEG concentration on the molecular order of the prepared films has been carried out by XRD analysis. Fig. 3 shows the x-ray diffraction pattern for the composite films obtained from using 1 × 10 −3 M PEG. All these spectra appear almost similar and the broad peaks indicate that the films are amorphous [11] . They overlap each other in the same 2θ regions.
Prigodin and Epstein [13] stated that in polypyrrole conducting polymer, single chains are arranged in the space in a very complicated way. Usually, the higher the degree of order, the higher is the conductivity. But the degree of order is not the only factor responsible for the conductivity increase as there are other important factors like conjugation chain length and doping level, which play a vital role in conductivity increase [14] [15] [16] [17] . 
Effect of PEG percentage on the morphology of PPy-PEG composite films
The surface morphology of the film facing the solution side gives globular morphology (Fig. 4) . As the concentration of PEG used to prepare the composite films increases, the globular morphology becomes more evident with spherical ball shapes. This indicates that with the increase in PEG percentage, polymerization reaction becomes more intense giving a globular morphology with spherical ball shapes forming from the aggregation of smaller balls. Since the concentrations of monomer pyrrole and the dopant are unchanged in producing the PPy-PEG composite films and only the PEG percentage is varied, this implies that it is the PEG percentage, which is playing the vital role in PPy-PEG composite film formation causing these changes in surface morphology.
Conclusions
Conducting polymer composite films of polypyrrolepolyethylene glycol were synthesized by electrochemical polymerization. The FTIR study shows the successful incorporation of PEG into the PPy structure forming PPy-PEG composite films. In terms of electrical conductivity and thermal diffusivity, the process condition of 0.2 M pyrrole monomer, 0.1 M p-toluene sulfonate dopant and 1 × 10 −3 M PEG at 1.2 V (versus SCE) appeared as the optimum process condition for the preparation of PPy-PEG composite films. The measured values of thermal diffusivity and electrical conductivity for the PPy-PEG composites films had showed a good link between thermal diffusivity and electrical conductivity. The x-ray diffraction of PPy-PEG demonstrates that the PPy-PEG composites films are amorphous. The PPy-PEG composite films exhibited a globular surface morphology.
